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Integration of receptor tyrosine kinase, integrin,
and cadherin activities is crucial for normal
cell growth, motility, and adhesion. Here, we
describe roles for p120-catenin (p120) and
p190RhoGAP that coordinate crosstalk be-
tween these systems and regulate cadherin
function. Surprisingly, PDGFR-induced actin
remodeling in NIH3T3 cells is blocked in the ab-
sence of p120, and the cells are partially trans-
formed via constitutive activation of Rho. We
have traced the mechanism to unexpected
codependent roles for p120 and p190RhoGAP
in regulating Rac-dependent antagonism of
Rho. Receptor-induced Rac activity causes
translocation of p190RhoGAP to adherens
junctions (AJs), where it couples to the cadherin
complex via interaction with p120. AJ formation
is dependent on this p120-p190RhoGAP inter-
action and fails altogether if either of these pro-
teins are compromised. We propose that Rac
activation links diverse signaling systems to
AJ assembly by controlling transient p190Rho-
GAP interactions with p120 and localized in-
hibition of Rho.
INTRODUCTION
Cadherins are a major family of transmembrane receptors
that mediate cell-cell adhesion and probably contact in-
hibition of cell growth (reviewed in Nelson and Nusse
[2004] and Takeichi [1995]). These critical functions are
disrupted in cancer and play a major role in malignancy.
Cadherin intracellular domains physically associate with
a-, b-, and p120-catenins, which in turn regulate cell-cell
adhesion through functional but poorly understood inter-
actions with RhoGTPases and the underlying actin cyto-
skeleton. Dynamic regulation of cadherin clusteringCellunderlies the formation of adherens junctions, which are
frequently targeted by imbalances in oncogenic signaling
during tumor progression.
Cadherins also functionally interact with Rac1 (Rac) and
RhoA (Rho), small Rho family GTPases that play critical
roles in coupling receptor signaling to rearrangements in
the actin cytoskeleton (reviewed in Braga and Yap
[2005], Etienne-Manneville and Hall [2002], and Schwartz
[2004]). Rho activation stimulates focal-adhesion (FA) for-
mation and cell contractility via assembly of mostly ra-
dial-oriented actin stress fibers (ASFs). In contrast, Rac ac-
tivation enhances spreading, migration, and membrane
ruffling via actin polymerization around the cell periphery.
In previouswork, we (and others) showed that p120 can in-
hibit Rho in cells when overexpressed at high levels (Anas-
tasiadis et al., 2000; Grosheva et al., 2001; Noren et al.,
2000). A GDI-like mechanism was proposed based on
the ability of purified p120 to stabilize the GDP-bound
form of Rho in vitro (reviewed in Anastasiadis and
Reynolds [2001]). Developmental studies confirm in vivo
an important functional relationship between p120 and
RhoGTPases (Fang et al., 2004), but the basis for such
observations at the molecular level remain unknown.
We and others have demonstrated in cell lines that p120
is required for cadherin stability (Davis et al., 2003; Ireton
et al., 2002; Xiao et al., 2003). Themechanism is not estab-
lished but involves posttranslational alterations that are
dependent on direct p120-cadherin interaction (Ireton
et al., 2002). Cadherin stability is also compromised by
targeted p120 ablation in mice. Epithelial p120 loss in
the developing salivary gland reduces E-cadherin levels
by 50% and is associated with severe alterations in
epithelial morphology that closely resemble high-grade
intraepithelial neoplasia (Davis and Reynolds, 2006). In
the epidermis, morphologic alterations after p120 loss
are surprisingly limited despite significantly reduced levels
of both E- and P-cadherins. The condition nonetheless
induces striking inflammation, apparently due to Rho ac-
tivity and downstream activation of NF-kB signaling
(Perez-Moreno et al., 2006). Whether the cadherin-stabi-
lizing and Rho-suppressing activities of p120 are function-
ally connected has not been addressed.127, 1027–1039, December 1, 2006 ª2006 Elsevier Inc. 1027
Inmany cell types,Rhoactivity is negatively regulatedby
Rac via a molecularly characterized signaling pathway
(hereafter, the ‘‘Bar-Sagi’’ pathway) (Nimnual et al., 2003),
and the balance between these antagonistic activities is
critical for coordination of cell motility with cell-cell adhe-
sion and specification of cell morphology (Leeuwen et al.,
1997; Nimnual et al., 2003; Sander et al., 1999; Zondag
et al., 2000). According to the Bar-Sagi pathway, PDGFR
or integrin stimulation activates Rac, which in turn inhibits
Rho via generation of ROS, inhibition of low molecular-
weight protein tyrosine phosphatase (LMWPTP), and tyro-
sine phosphorylation (activation) of p190RhoGAP (here-
after, p190) (Nimnual et al., 2003). Src and/or Abl family
kinases have been implicated as likely mediators of p190
activation (Hernandez et al., 2004; Plattner et al., 1999).
In the case of PDGF signaling, the pathway mediates the
rapid disassembly of ASFs and formation of striking dorsal
circular ruffles (DCRs). DCRs involve dynamic remodel-
ing of actin on the dorsal cell surface and occur in many
cell types in response to growth factors such as PDGF
and EGF (Chang et al., 1995). p190 activation by various
means, including integrin activation, induces its transloca-
tion from the cytoplasm to membranes and/or actin cyto-
skeletal structures such as ruffles (Arthur and Burridge,
2001; Sharma, 1998), whereas IGF stimulation in adipo-
cytes induces p190 association with lipid rafts (Sordella
et al., 2003). Thus, p190 activation andmembrane translo-
cation are tightly linked and presumably crucial for its
subsequent roles with respect to cell signaling and Rho in-
hibition. Both p120 and p190 are prominent Src substrates
but have not otherwise been physically or functionally
associated.
Here, we describe roles for both p120 and p190 in co-
ordinating intracellular crosstalk and cadherin-mediated
cell-cell adhesion. Surprisingly, depletion of p120 in
NIH3T3 cells by stable siRNA expression caused constitu-
tive activation of Rho, cell transformation, loss of contact
inhibition, and growth in the absence of serum. Moreover,
PDGFR and integrin signaling pathways involved in re-
modeling of the actin cytoskeleton were selectively im-
paired. We have traced the mechanism to obligatory roles
for p120 and p190 in a pathway connecting Rac activation
to inhibition of Rho. Interestingly, DA-Rac expression
caused striking accumulation of p190 at AJs, which was
blocked by depletion of p120. Similarly, in the absence of
p190-A (p190-A/MEFS), DA-Rac was unable to induce
AJs, and both p120 and N-cadherin were internalized. The
effect is clearly dependent onp190activity, asAJswereef-
ficiently rescued by WT, but not functionally dead p190
mutants. Finally, p190 strongly coimmunoprecipitated
with p120, but not other members of the cadherin com-
plex. Together, these observations indicate that Rac activ-
ity induces translocation of p190 to themembranewhere it
transiently couples to cadherin complexes through p120.
In fibroblasts, this novel mechanism couples Rac activa-
tion to localized inhibition of Rho and is essential for AJ
formation. Interestingly, Rac is activated by RTKs, integ-
rins, and cadherins, and all of these receptors can activate1028 Cell 127, 1027–1039, December 1, 2006 ª2006 Elsevier Inp190. p120 and p190 may therefore use RhoGTPases
to mediate crosstalk between a wide variety of receptors
in order to coordinate cadherin function with other activi-
ties that direct cell-substrate adhesion, cell motility, and
proliferation.
RESULTS
p120 Loss Induces ASFs and Blocks Remodeling
of Actin by the PDGFR
We have examined the effects of stable p120 knockdown
(hereafter ‘‘p120i’’ cell lines) inNIH3T3 cells, awell-charac-
terized fibroblast model for studying growth factor signal-
ing and cell transformation. Unexpectedly, actin stress
fibers (ASFs) were strongly enhanced (Figure 1A, compare
top panels), and the effects of PDGF stimulation on actin
remodeling were completely blocked (Figure 1A). Specifi-
cally, ASFs did not dissolve and DCRs failed to appear.
Movie S1, in the Supplemental Data available with this
article online, shows a time-lapse movie of the dynamic
15–30 min lifespan of PDGF-induced DCRs, as imaged
by spinning disc confocal fluorescent microscopy of
GFP-actin.
To rule out trivial explanations, additional siRNA knock-
down cell lines were generated by retroviral infection and
tested in a variety of control experiments. First, retroviral
siRNA constructs targeting three different sequences of
the murine p120 gene were tested to ensure that the con-
sequences of each were the same and indeed due to
specific ablation of p120. Figure 1B shows efficient p120
knockdown in two separately derivedp120i cell lines. Con-
trol cell lines (e.g., Figure 1B, control) were generated by
retroviral infection with vectors containing a mismatched
siRNA (pRs-hp120) (Davis et al., 2003). Control cells
behaved identically in all respects to WT NIH3T3 cells,
whereas p120i cell lines targeted by different siRNAs
recapitulated the effects described above.
Receptor activation and downstream p38MAPK signal-
ing in WT and p120i cells were examined to rule out the
possibility that the PDGFR is somehow nonfunctional in
the absence of p120. However, PDGFR activation (as
evidenced by receptor tyrosine phosphorylation in re-
sponse to PDGF), in p120i and WT cells was identical
(Figure 1C). Likewise, downstream signaling to p38 in re-
sponse to PDGF (as evidenced by p38 phosphorylation)
was also unaffected (Figure 1D).
Finally, PDGF-induced actin remodeling (i.e., DCRs) and
Tiam1-induced epithelialization (i.e., AJ formation) in fibro-
blasts depend on activation of Rac (Nimnual et al., 2003;
Sander et al., 1999). Thus, we used Pak assays to ask
whether PDGF-induced Rac activity is impaired in the
absence of p120 (Figure 1E). Interestingly, Rac levels
were somewhat elevated in p120i cells because the
p120-depleted cells failed to growth arrest during serum
starvation (e.g., see Figure 3). However, in four separate
experiments, Rac activity in the p120-depleted cells was
elevated at least 4-fold by PDGF stimulation and essen-
tially indistinguishable from the response observed in WTc.
Figure 1. PDGF-Induced Actin Remodeling Is Blocked in p120-Depleted Cells
(A) NIH3T3 cells expressing irrelevant siRNA (control) or p120-specific siRNA (p120i) were serum starved, stimulated with PDGF-BB for 7 min, and
stained for F-actin. Arrows denote PDGF-induced dorsal circular ruffles; arrowheads show regions of simultaneous disassembly of actin stress fibers
(ASFs). Note unusually prominent ASFs in p120i cells and the complete insensitivity of ASFs to PDGF.
(B) p120 levels were analyzed by western blotting in WT cells (WT) or in independently derived cell lines expressing control or p120-specific siRNAs
(p120i 1 and p120i 2), as indicated.
(C) Serum-starved WT and p120i cells were treated with PDGF as indicated. PDGFR immunoprecipitates lysates were analyzed by western blotting
with antibodies to phosphotyrosine (PY20) or PDGFR.
(D) Same as (C), except that whole-cell lysates were western blotted with antibodies to phospho-p38 (p-p38) or p38.
(E) Rac levels in WT and p120i cells were analyzed with (+) or without () PDGF-BB treatment by western blotting of whole-cell lysates (WCL). To
assess Rac activity under these conditions, Pak assays were performed (i.e., GST-PBD pull-downs) to selectively isolate active Rac, and results
were analyzed by western blotting for Rac1.cells. Thus, PDGFR-induced activation of Rac in NIH3T3
cells occurs normally in the near absence of p120 and
cannot explain the failure to remodel actin.
ElevatedRhoActivity andPartial Cell Transformation
in p120-Deficient Cells
Because elevated ASFs imply increased Rho activity,
levels of GTP-bound (active) Rho were assayed by Rhote-
kin pull-down before and after exposure of cells to the Rho
activator lysophosphatidic acid (LPA) or to PDGF, which is
known to inhibit Rho through activation of Rac (Sander
et al., 1999). As expected, Rho activity was increased by
LPA and decreased by PDGF (Figure 2A). Interestingly,
Rho activity in p120i cells was even higher than that inCellWT cells treated with LPA and was unaffected by PDGF.
Thus, Rho is both activated and PDGF insensitive when
p120 is absent.
Rho activity is also known to be associated with focal
adhesion formation, cell spreading, and suppression of
motility. Indeed, vinculin staining demonstrated a striking
increase in the number and size of focal adhesions (Fig-
ure 2B), and cell spreading was both accelerated and
ECM independent (Figure 2C). Motility was also sup-
pressed (Figure 2D), presumably due to increased cell
attachment. Thus, p120 ablation causes constitutive
activation of Rho, and dysregulates RTK- and integrin-
based mechanisms involved in coordinating actin
remodeling.127, 1027–1039, December 1, 2006 ª2006 Elsevier Inc. 1029
Figure 2. Constitutive Rho Activity and Uncoupling of Integrin Responsiveness to Fibronection in p120-Depleted Cells
(A) Serum-starved cells were treated as indicated and assayed directly for Rho activity by GST-Rhotekin pull-down. Results are expressed as the ratio
of activated to total Rho. Error bars represent standard deviation.
(B) WT and p120i cells were stained with antibodies to the focal adhesion marker vinculin.
(C) Serum-starved cells were trypsinized, plated for exactly 20 min on either fibronectin or glass, and stained for actin.
(D) WT and p120i cells were ‘‘wounded’’ by scraping with a plastic pipette tip and photographed immediately (T = 0) or after 24 hr (T = 24).p120 Loss Promotes Serum-Free Cell Proliferation
and Partial Cell Transformation
Inappropriate activation of Rho has been associated with
cell transformation and loss of contact inhibition. Thus, we
examined more closely the effects of p120 ablation on cell
proliferation and transformation-associated phenomena
such as focus formation (Figure 3). Interestingly, WT cells
growth arrested normally at confluence, but p120i cells
proliferated indefinitely to extremely high cell densities
(Figure 3A, compare top panels). The p120i cells, in fact,
never stopped growing and instead simply rolled off the
plate as a single viable sheet of cells (data not shown).
These data were confirmed by standard growth-curve
analyses (Figure 3B). Whereas WT cells growth arrested
by day 3 upon reaching confluence, p120i cells prolifer-
ated to densities over 4-fold higher (top panel) before sep-
arating from the plate. When plated in the absence of1030 Cell 127, 1027–1039, December 1, 2006 ª2006 Elsevier Inserum, control cells growth arrested and then died within
7 days (bottom panel). Remarkably, p120i cells survived
and proliferated, albeit more slowly than normal.
p120 ablation also induced foci in classic oncogene
focus formation assays (Figures 3C–3F). The activity was
completely blocked by coexpression of the Rho inhibitor
C3 (Figure 3E) and suppressed (but not blocked) by co-
expression of N-cadherin (Figure 3F). These data are con-
sistent with the effects of DA-Rho and various Rho-GEF
oncogenes, which also induce focus formation and loss
of contact inhibition (Jaffe and Hall, 2002).
Rac Needs p120 to Inhibit Rho
In NIH3T3 cells, PDGFR activation causes rapid disas-
sembly of ASFs and striking DCRs via a pathway molecu-
larly characterized by Bar-Sagi (Nimnual et al., 2003;
Sander et al., 1999). PDGFR activates Rac, which in turnc.
inhibits Rho via generation of ROS, inhibition of LMWPTP,
and tyrosine phosphorylation of p190 (Figure 4A). The un-
expected requirement for p120, however, implies a novel
link in the pathway and a possible connection to cadherin
complexes. We therefore further dissected the pathway to
identify the role of p120.
Rho effects on ASF assembly are mediated in part
through activation of ROCK. To place p120 up or down-
stream of ROCK, WT and p120i cells were treated with
the selective ROCK inhibitor Y-27632 (Figure 4E). WT cells
were marginally affected by Y-27632, but the enhanced
ASFs observed in p120i cells were completely eliminated.
Expression of the Rho inhibitor C3 had similar effects (data
not shown). Thus, the effects of p120 loss occur upstream
of Rho and ROCK and are largely dependent on conse-
quences of Rho activation. In contrast, DA-Rac expres-
sion (Figure 4B) and ROS treatment (Figure 4C) disrupted
ASFs in WT, but not p120i, cells. Thus, p120 is required
downstream of ROS but upstream of Rho, leaving p190
as the only known component of the pathway between
LMWPTP and Rho.
To determine whether p120 acts upstream or down-
stream of p190, we monitored p190 activation by DA-
Rac in the presence or absence of p120 (Figure 4D). Inter-
estingly, p190 activation occurred normally in bothWTand
p120i cells, as evidenced by the nearly identical levels of
Rac-induced tyrosine phosphorylation of p190 and con-
comitant coimmunoprecipitation of p120RasGAP (Fig-
ure 4D). Thus, endogenous p190 can apparently be acti-
vated by DA-Rac in the absence of p120. However, the
striking failure to suppress Rho under identical conditions
(e.g., Figure 4B) indicates that it is nonetheless unable to
couple to Rho. These observations suggest a previously
unidentified functional interaction between p120 and
p190 that under normal conditions is critical for Rac-
induced inhibition of Rho.
p120-Dependant Inhibition of Rho through p190
Apossible explanation for thesedata is that p120andp190
might transiently associate under conditions relevant to
DCR formation or cell-cell adhesion. To test this hypothe-
sis, colocalization and coprecipitation experiments were
performed with antibodies to p120 and p190 (Figure 5).
Interestingly, PDGF induced precise colocalization of
p120 and p190 in DCRs, structures previously not known
to involve p120. p120 is dependent on cadherin associa-
tion for localization to membranes (Thoreson et al., 2000),
and indeed, N-cadherin also colocalized with p120 and
p190 in DCRs (Figure 5A). Finally, the obligatory role of
p120 in PDGFR signaling to Rho implies tight functional
and perhaps physical interaction between PDGFR and
N-cadherin complexes. Consistent with this, immunofluo-
rescent staining revealed that activated PDGFR is also
recruited to DCRs within minutes of PDGF stimulation
(Figure 5B). Thus, DCRs are N-cadherin-based structures
that form in response to growth factors such as PDGF
(herein) or EGF (Chang et al., 1995) and involve transient
(20–30 min) but quite striking colocalization ofCell 1N-cadherin, p120, p190, and PDGFR. As predicted by
this result, cells made N-cadherin deficient by stable
siRNA expression were unable to form PDGF-induced
DCRs (Figure 5C and Figure S2).
Along with being necessary for DCR formation, Rac has
been shown to drive ‘‘epithelialization’’ and the assembly
of AJs in NIH3T3 cells via a pathway involving the down-
stream inhibition of Rho (Sander et al., 1999). To determine
whether the behavior of DCRs might also apply to adhe-
rens junctions, wedirectly examined the effects of Rac sig-
naling in WT and p120i cells. First, DA-Rac was expressed
in WT or p120i cells, and localization of N-cadherin and
p190 was examined (Figure 5E). Figure 5D shows normal
localization patterns of p190 (top panels) and N-cadherin
(bottom panels) in WT and p120i cells in the absence of
DA-Rac expression. Note that p190 localizes almost
exclusively to the cytoplasm, whereas N-cadherin is asso-
ciated with cell-cell contacts. As shown previously,
N-cadherin levels were reduced in p120i cells by about
50% (data not shown) (Davis et al., 2003). Expression of
DA-Rac in WT cells induced striking translocation of
p190 to AJswhere it colocalized precisely with N-cadherin
(and p120) (Figure 5E). Translocation or association of
p190 with AJs, however, was completely blocked in
p120i cells, and AJ assembly was significantly compro-
mised (Figure 5E). Thus, Rac activity induces striking
p190 recruitment to cell-cell junctions and precise p120-
dependent colocalization of p190 with N-cadherin.
To determine whether p120 and p190might interact, we
performed coimmunoprecipitation experiments with p120
and other core components of the cadherin complex
(Figure 5F). p190 coimmunoprecipitated efficiently with
p120, but not with b-catenin or N-cadherin. To clarify
whether the interaction of p190 with p120might somehow
require association of p120 with other members of the
cadherin complex, we generated a p120mutant that inter-
acts constitutively with membranes via a fused CAAX box
but lacks an Armadillo repeat necessary for binding to
cadherins (i.e., p120-1A DArm1-CAAX) (Figure S1). Inter-
estingly, although this mutant p120 cannot associate
with N-cadherin, it nonetheless colocalized extensively
with p190 at membranes. Thus, p120 can sequester
p190 at membranes independent of N-cadherin or other
cadherin complex components. Together, these data
strongly suggest that the growth factor and Rac-induced
binding of p190 to cadherin complexes in both DCRs
and AJs is mediated by association with p120.
p190-A Is Physically and Functionally Required
for AJ Stability
Although p190 does not normally localize to AJs (e.g.,
Figure 5D), the above data imply an important role for
p190 in cell-cell adhesion. Therefore, we reexamined the
status of p120 and N-cadherin in murine embryo fibro-
blasts (MEFs) obtained from p190-A knockout mice (Fig-
ure 6). DA-Rac was introduced as before to promote
p190 translocation to AJs, and cells were immunostained
with antibodies to p120 or N-cadherin (Figure 6).27, 1027–1039, December 1, 2006 ª2006 Elsevier Inc. 1031
Figure 3. p120 Ablation Causes Loss of Contact Inhibition of Cell Growth and Partial Oncogenic Transformation
(A) WT and p120i cells were photographed at low density (subconfluent) or 2 days after density-dependant growth arrest of WT cells (confluent). WT
cells persist for weeks in this state, but p120i cells continue to proliferate and then roll off the plate as a single sheet of viable cells.
(B) Cells were plated at equal densities, cultured in the presence (top) or absence (bottom) of serum, and counted at 24 hr intervals. Note that normal
cells growth arrest within 48 hr if serum is present (top), but p120i cells grow to over 4-fold higher density before rolling off the plate. p120i cells grow in
the absence of serum (bottom), whereas WT cells do not. Error bars represent standard deviation.1032 Cell 127, 1027–1039, December 1, 2006 ª2006 Elsevier Inc.
Interestingly, AJs were not present in the absence of
p190-A, as evidenced by severe mislocalization of p120
and N-cadherin. To confirm that the defect was due to
the absence of p190-A, cells were rescued by expression
of WT p190-A (as indicated) and the experiment was
repeated. In rescued cells, AJs were restored and all three
proteins colocalized at cell-cell contacts. In contrast, ex-
pression of p190-A mutants with defects in N-terminal
GTP binding (M5) or RhoGAP activity (30-1) were com-
pletely unable to rescue AJs (Figure 6A). Thus, mutations
known to inactivate p190 by two different mechanisms
also fail to rescue AJs. Coimmunoprecipitation experi-
ments were repeated to determine whether thesemutants
retain the ability to interact with p120 (Figure 6C). BothWT
and p190 mutants interacted normally with p120. There-
fore, the failure of the mutant p190s to rescue AJs is intrin-
sic to defects in p190 rather than loss of the ability to inter-
act with p120.
Together, the data show that AJ stability in these cells
involves transient p120-dependant recruitment of p190
to cadherin complexes followed by inhibition of Rho.
Loss of either p120 or p190 disables this mechanism, re-
sulting in elevated Rho activity and AJ failure. To clarify
the relationship between elevated Rho activity and AJ
failure, we used the ROCK inhibitor Y-27632 in DA-Rac
expressing p190-defective cell lines to block contractility.
Interestingly, ROCK inhibition partially rescued p190-as-
sociated defects in AJ formation, as shown qualitatively
(Figure 6B) and quantified in the associated bar graph.
Thus, it is likely that coordination of Rac activation and
Rho inhibition by cadherin complexes (through p120 and
p190) is required to transiently suppress contractility
during cadherin clustering and AJ formation. The data
suggest that the roles of p120 and p190 may be at least
partly dispensable if contractility is suppressed by other
means.
DISCUSSION
The Bar-Sagi pathway is used by RTKs and integrins to
coordinate RhoGTPase activities during actin remodeling
and cell spreading, respectively (Nimnual et al., 2003).
Here, we show that the mechanism coordinating the an-
tagonism between Rac and Rho is mediated by p120
and nucleated by cadherin complexes. Specifically, Rac
activity induces translocation of p190 to cadherin com-
plexes where it transiently interacts with p120 and medi-
ates local inhibition of Rho. These interactions control
cadherin stability at the cell surface and provide a p120-
dependent mechanism for rapid posttranslational control
of cadherin function in response to receptor signaling.
Previous observations were consistent with a GDI-like
role for cytoplasmic-, but not cadherin-, bound p120Cell(Anastasiadis et al., 2000). The data herein do not rule
out such a possibility but favor a role for p120 in coordinat-
ing suppression of Rho at cadherin complexes via recruit-
ment of p190RhoGAP. They also suggest that a variety of
upstream signaling pathways feed into the pathway
through activation of Rac. For example, PDGF stimulation
induced rapid coclustering of N-cadherin, p120, and p190
in DCRs, structures known to depend on growth factor-in-
duced Rac activity and subsequent inhibition of Rho (Pertz
et al., 2006; Sander et al., 1999). Although not previously
linked to this phenomenon, p120 and N-cadherin clearly
participate in and are required for dorsal circular ruffling.
Importantly, these observations also apply to AJ stability,
as DA-Rac expression induced striking translocation of
p190 to AJs. This effect was blocked by p120 depletion
(Figure 5E), resulting in constitutively activeRho, the failure
to form AJs, and cell transformation. Thus, although the
interaction between p120 and p190 is transient under
normal conditions, it is nonetheless essential for control
of local and steady-state Rho activity.
The extraordinary level of Rho activation caused by
p120 depletion is consistent with a surprisingly prominent
role for p120 in controlling overall cellular Rho activity. In-
deed, other cellular mechanisms that one might expect to
compensate for minor changes in Rho activity were in-
stead inadequate. Rac activation in fibroblasts is a major
conduit to inhibition of Rho, and this process was virtually
abolished in the absence of p120. It is clear that the effects
of p120 depletion occurred downstream of Rac because
Rac activation by PDGF was not affected by p120 loss
(Figure 1E). In addition, expression of DA-Rac normally
induces strong suppression of Rho, but this also was
completely blocked in the absence of p120 (Figure 4B).
Together, these data show that the Bar-Sagi pathway
plays a critical role in the regulation of steady-state levels
of active Rho in these cells and that p120 is essential for
this activity.
Other unanticipated effects of p120 depletion included
increased cell proliferation, growth in the absence of
serum, loss of contact inhibition, and oncogenic focus for-
mation (Figure 3). Though Rho is best known for its effects
on the actin cytoskeleton, it is also a major driver of cell-
cycle progression (Besson et al., 2004; Olson et al.,
1995; Welsh et al., 2001). Indeed, forced expression of
DA-Rho or various RhoGEFs is transforming in most cells
(Jaffe and Hall, 2002), and the effects in NIH3T3 cells are
largely indistinguishable from those caused by p120 abla-
tion (Figure 3). Thus, constitutive activation of Rho ex-
plains the partially transformed phenotype associated
with p120 ablation, although the magnitude of the effects
are surprising given that they are not driven by Rho muta-
tion or overexpression but rather loss of mechanisms that
suppress the activity of endogenous Rho. Apparently, the(C–F) Contact inhibition was assessed by focus formation. p120i cells were mixed at the indicated ratios with WT cells, cocultured until confluent,
and then cultured an additional 10 days. Foci were detected by crystal violet staining (D). High-magnification photographs of foci generated by
GFP-marked p120i cells reveal that foci consist of concentrations of overgrown p120i cells (C). Focus formation by p120i cells is blocked by
coexpression of the Rho inhibitor C3 (E) and reduced by coexpression of N-cadherin (F).127, 1027–1039, December 1, 2006 ª2006 Elsevier Inc. 1033
Figure 4. p120 Is Required at the Level of p190 for Rac1-Mediated Inhibition of Rho
(A) Schematic of the ‘‘Bar-Sagi’’ pathway showing previously described molecular events controlling Rac-mediated inhibition of Rho.
(B) To bypass the PDGFR, WT and p120i cells were infected by a retrovirus expressing DA-Rac (and an IRES-linked GFPmarker), serum starved, and
stained for actin. Note enhanced AJs (arrow) and loss of central ASFs in WT cells. Conversely, AJs fail in p120i cells, which exhibit excessive central
ASFs (asterisk).
(C) To bypass Rac1, WT or p120i cells were H2O2 treated (ROS) as indicated and stained for actin. Note that p120i cells are unresponsive.
(D) WT and p120i cells were infected with retrovirus expressing GFP alone (GFP) or GFP and DA-Rac (DA-Rac1). p190 activation was assessed by
immunoprecipitation of p190 and western blotting for p190, phosphotyrosine (PY20), or p120RasGAP. Note that p190 is activated by DA-Rac in both
WT and p120i cells.
(E) WT and p120i cells were treated as indicated with Y-27632, a selective inhibitor of ROCK, and stained for actin.role of p120 in p190-mediated inhibition of Rho is critical
for suppression of steady-state Rho activity to levels be-
low the threshold associated with cell transformation.
Interestingly, endogenous p190 is both physically and
functionally uncoupled from Rho in p120-deficient fibro-
blasts (e.g., Figure 4B) despite biochemical evidence of1034 Cell 127, 1027–1039, December 1, 2006 ª2006 Elsevier Inits activation by upstream Rac signaling (e.g., Figure 4D).
Therefore, activation of cytoplasmic p190 and its sub-
sequent coupling to Rho are experimentally separable
events, the latter being p120 dependent. Apparently,
steady-state p190 activity is a key negative regulator of
Rho activity in NIH3T3 cells, as suggested previously byc.
Figure 5. p120-Dependant Recruitment of p190 to DCRs, AJs, and Membranes
(A) Serum-starved cells were mock stimulated (PDGF-BB) or PDGF-stimulated (+ PDGF-BB) for 7 min and processed for coimmunofluorescence
with antibodies to p190 and p120, or N-cadherin alone.
(B) Cells were serum starved, PDGF stimulated, and costained for N-cadherin and PDGFR.
(C) WT and N-cadherin knockdown cells (N-cadi) were PDGF stimulated as above and stained for actin.
(D) WT and p120i cells were costained with antibodies to p190 and N-cadherin.
(E) Same as in (D) after introduction of DA-Rac1. Arrows indicate compromised AJs and absence of p190 staining in these structures.
(F) Immunoprecipitation with p120, N-cadherin, b-catenin, or irrelevant control (NS) antibodies was followed by western blotting with antibodies to
p190. Whole-cell lysate (WCL, left) was included as a marker for p190.others (Vincent and Settleman, 1999) and evidenced here
by the effects of p120-depletion, but the relationship to
p120 also targets the activity of p190 to cadherin com-Cellplexes. p120 is stranded in the cytoplasm in the absence
of cadherins, suggesting that aside from cadherin binding
there are few if any alternative means for p120 to access127, 1027–1039, December 1, 2006 ª2006 Elsevier Inc. 1035
Figure 6. p190 Is Required for AJ Formation
(A) p190-A-null MEFS (p190-A/) expressing empty vector (neo), WT p190-A (WT p190-A), or functionally dead p190-A mutants (M5 p190-A or 30-1
p190-A) were infected with DA-Rac retrovirus and stained with antibodies to p190-A, p120, or N-cadherin, as indicated. The presence of DA-Rac was
confirmed by concomitant GFP expression (data not shown). Note that AJs do not form in the absence of p190-A (first column), and both p120 and
N-cadherin are internalized. p120 and N-cadherin levels are not affected (data not shown).
(B) The ROCK inhibitor Y-27632 was added to the cell lines shown in (A). Note that chemical inhibition of ROCK partially restores Rac1-induced AJs in
p190-A null and defective cells. To quantify the data, cells with obvious AJ rescue were scored as rescued, whereas cells lacking this phenotype were
scored negative, and data expressed as the ratio of these events (see table). ROCK inhibition restored AJs in about 50% of DA-Rac expressing cells.
Rescue was essentially absent without the inhibitor.
(C) p120 was immunoprecipitated fromRIPA cell lysates generated from the above cell lines and then western blotted with antibodies to p190 or p120
as indicated. (NS) reflects immunoprecipitation with a nonspecific isotype-matched control monoclonal antibody. The bottom panel shows p190
expression levels in whole-cell lysates (WCL) from the same samples used for coimmunoprecipitation. Tubulin is loading control.1036 Cell 127, 1027–1039, December 1, 2006 ª2006 Elsevier Inc.
Figure 7. Model for the Role of p120 and
p190 in Regulation of Cadherin Function
Signaling input to Rac occurs through multiple
receptor types, including RTKs, integrins, and
cadherins. Rac activity induces translocation
of cytoplasmic p190 to membranes via a path-
way involving generation of reactive oxygen
species (ROS), inhibitionof LMW-PTP, andsub-
sequent activation/tyrosine phosphorylation of
p190 by associated tyrosine kinases (probably
Src and/or Abl family kinases). p190 interacts
transiently with cadherin-bound p120, which
in turn targets Rho inactivation to membrane
domains involved in cadherin activity. Organi-
zation of the pathway around the cadherin
complex reflects the importance of linked Rac
and Rho activities for successful AJ formation.membranes (Thoresonetal., 2000).Ourdata implyasimilar
relationship for p120 and p190 because p190 association
with AJs is largely blocked in p120-deficient cells (Fig-
ure 5E). Although it is difficult to imagine that there would
not be other mechanisms for targeting p190 activity to
membranes, the strong elevation of Rho activity in the ab-
sence of p120 suggests minimally that the p120/cadherin-
based mechanism is a major platform for this activity.
It has been suggested that p120 binding might block
cadherin internalization by physically interfering with
mechanisms that target cadherin turnover (Fujita et al.,
2002; Ireton et al., 2002). However, as an alternativemech-
anism,weshowhere that cadherin-associated p120medi-
ates recruitment of p190,which in turn is required forAJas-
sembly. Although p190 does not obviously localize to
cadherin complexes in unstimulated cells (e.g., Figures
5A and 5D), it is nonetheless indispensable for DA-Rac-
induced AJ assembly (e.g., Figure 6). Indeed, MEFs null
for p190-A were completely unable to form AJs in re-
sponse to DA-Rac (Figure 6A) due to internalization and/
or mislocalization of p120 and N-cadherin. The role of
p190 in AJ formation may involve localized suppression
of Rho-mediated contractility, as inhibition of ROCK
partially rescued AJs in the p190 null cells (Figure 6B).
The importance of Rho suppression during AJ formation
is dramatically illustrated by contrasting the effects of
DA-Rac in WT and p120-depleted fibroblasts (Figure 4B).
Normally, DA-Rac causes striking AJ formation (arrow)
and concomitant downregulation of Rho (e.g., note loss
of ASFs), in a process referred to as epithelialization
(Sander et al., 1999). Though generally attributed to Rac
activity, note that AJs do not form in DA-Rac expressing
cells if p120 is absent, and Rho activity remains high
(Figure 4B). Thus, DA-Rac initiates the process, but com-
pletion is then entirely dependent on the linked ability to
suppress Rho. In NIH3T3 cells, it is quite possible that
the main role of Rac in AJ assembly is to suppress Rho
by driving p190 into cadherin complexes. These observa-
tions provide a compelling rationale for physically linking
the antagonism between Rac and Rho to cadherin com-
plexes through p120 and p190.CeActivation of p190 is typically accompanied by translo-
cation to cytoskeletal structures. Our data raise the possi-
bility that these observations generally reflect the docking
of activated p190 on cadherin complexes, as is apparently
the case in fibroblasts for dorsal ruffling and Rac-induced
AJ assembly. p190 activation and translocation by other
factors, (e.g., PKC and Src) may also reflect this phenom-
enon. It will be important in future work to distinguish be-
tween cadherin-based and possible alternative means of
targeting p190 activity (Hernandez et al., 2004). However,
in NIH3T3 cells, p120 is clearly crucial, and the ability of
thecells to suppressRho in theabsenceof p120 is severely
limited. Therefore, we believe that this mechanism is the
predominant one in fibroblasts and potentially in other
cell types as well. The possibility that signaling to Rho via
p190 might generally require the docking of p190 on cad-
herin complexes represents a dramatic departure from
current concepts of p190 and cadherin regulation.
We reported previously that p120 regulates cadherin
stability and/or turnover (Ireton et al., 2002). The posttrans-
lational nature of the mechanism and the fact that it is
dependent on direct p120-cadherin interaction is consis-
tent with the hypothesis that p120 and p190 coordinately
regulate cadherin andAJstability by localizing andcontrol-
ling Rho-mediated contractility. Although the functional
interactions between RTKs and cadherins are not well un-
derstood, posttranslational regulation of cadherin stability
and turnover by RTK activity is well documented (Wrobel
et al., 2004). Thus, an exciting possibility is that rapid
RTK-induced changes in cadherin stability and/or turnover
is mediated by negative regulation of the Bar-Sagi path-
way. Indeed, p120 is a major substrate for receptor and
Src protein tyrosine kinases, but the role of p120 phos-
phorylation has not been established.
We suggest a model whereby RTKs, integrins, and cad-
herins signal via the Bar-Sagi pathway and p120 to cad-
herin complexes in order to coordinate and regulate cell-
cell adhesion (Figure 7). Clearly, the source of the signal
input to Rac determines ultimately how the cell responds.
PDGF induces DCRs, fibronection induces cell spread-
ing, and cadherin ligation induces cadherin clustering.ll 127, 1027–1039, December 1, 2006 ª2006 Elsevier Inc. 1037
Receptor-specific activities are then integrated into the
overall cellular response, but all of these receptors can,
and apparently do, route signaling through the Bar-Sagi
pathway via p120 and p190. Interestingly, direct cadherin
ligation has been shown to coincidently activate Rac and
inhibit Rho in an epithelial system (Noren et al., 2001),
and Rho inhibition in this system appears to be p190 de-
pendent (Noren et al., 2003). Indeed, DA-Rac also drives
p190 toAJs in ap120-dependent fashion in various epithe-
lial cell types, as illustrated in A431 cells (see Figure S3).
These observations are consistent with our data in fibro-
blasts, but further experiments are necessary to evaluate
the role(s) and relative importance of this pathway in other
cell types.
We conclude that cadherin complexes link to the Bar-
Sagi pathway through p120 to regulate cadherin function
and AJ stability. In fibroblasts, AJ formation is blocked by
strong inhibition of Rho (Sander et al., 1999). On the other
hand, toomuchRho activity also disrupts AJs and leads to
cell transformation (Jaffe and Hall, 2002), as illustrated
here in cells lacking p120. Thus, exquisite control of Rho
activity is essential for proper cell-cell adhesion and to pre-
vent uncontrolled cell growth. The transient targeting of
otherwise cytoplasmic p190 to cadherin complexes is ide-
ally suited for this role and provides an extremely sensitive
meansof regulating local, andperhapsoverall, Rhoactivity
in cells. RhoGTPase-mediated cadherin internalization
and/or turnover allows for rapid modulation of cell-cell
adhesion by posttranscriptional signaling mechanisms,
as would be required during wound healing, changes in
endothelial cell permeability, and many growth factor-
induced alterations in cell behavior. Thus, themechanisms
described herein may be essential for many morphologic
and adhesive changes associated with the activation of
receptor systems in fibroblasts and perhaps other cell
types.
EXPERIMENTAL PROCEDURES
Cell Culture and Plasmids
NIH3T3 cells were cultured in DMEM/high glucose, 10% fetal bovine
serum (FBS), and 1%penicillin/streptomycin. Clonal p120-knockdown
cell lines were generated by serial dilution. Rac1 and C3 constructs
were PCR amplified from PcDNA3 and subcloned into LZRS-ms-
GFP. p190-A cDNAs were subcloned from Rc-HAp190-A or MFG
into LZRS-ms-GFP or LZRS-ms-neo. LZRS-ms-neo/N-cadherin was
a gift from Dr. Margaret Wheelock. Retroviral vectors and siRNA for
p120 and N-cadherin have been described (Davis et al., 2003).
Antibodies, Immunofluorescence, Immunopreciptation,
and Western Blotting
Secondary antibodies were Alexa Fluor conjugates from Molecular
Probes. mAbs 15D2 and 8D11 were generated in our lab. p190 anti-
bodies were kindly provided by Dr. S. Parsons. mAbs pp120,
p27Kip1, N-cadherin, Rac1, p190, and anti-phosphotyrosine (PY20)
were from BD Biosciences. mAb anti-RhoA (26C4) was from Santa
Cruz. Y-27632, fibronectin, H202, and mAbs anti-p120RasGAP, a-
tubulin, and vinculin were from Sigma-Aldrich. mAbs p-p38, p38,
MAPK, and p-MAPK were from Cell Signaling. PDGF-BB was from
Chemicon, and PDGFRb (97A) antibody was fromDr. Andrius Kazlaus-
kas. Immunofluorescence (IF) methods have been described (Davis1038 Cell 127, 1027–1039, December 1, 2006 ª2006 Elsevier Incet al., 2003). Cells were fixed/permeabilized in 3% paraformalde-
hyde/0.2%TritonX-100and stained for 30min. For PDGFexperiments,
cells were serum starved for 24 hr (0.2% FBS) and stimulated with
20–50 ng/ml of PDGF-BB for 7 min. ROCK inhibition was with 10 mM
Y-27632 for 30 min. In spreading assays, cells were serum starved,
trypsinized, and washed, replated on uncoated or coated glass cover-
slips (10 mg/ml of Fibronectin) for 20 min. For analysis of Rac to Rho
signaling, cells were infected with LZRS-ms-GFP or LZRS-ms-GFP/
DA-Rac. For ROS effects, serum-starved cells were treated with
1 mM of H202 for 10 min. For p190-A mutational analyses, p190-A
/
cells were infected with LZRS-ms-neo p190-A constructs and then re-
infected with LZRS-ms-GFP/DA-Rac1. IP and western blotting (WB)
methodswere as described (Davis et al., 2003). Briefly, cells were lysed
in RIPA buffer, and protein concentrations were equilibrated by BCA
assay. For immunopreciptation (IP), cells were lysed and IPed with in-
dicated antibodies overnight at 4C. Complexes were collected with
protein G-Sepharose, washed, and processed for WB. For p38 analy-
sis, serum-starved cells were stimulated with 50 ng/ml of PDGF-BB
for 7 min. PDGFRb was immunoprecipitated from serum-starved cells
after stimulationwith 50ng/ml of PDGF-BB for 7min. For p190 analysis,
cells were infected with LZRS-ms-GFP or LZRS-ms-GFP/DA-Rac and
serum starved.
Rhotekin/PAK Assay and Wound Assay
Rhotekin and PAK assays were performed as described (Anastasiadis
et al., 2000). Briefly, serum-starved cells were stimulated with 20 ng/ml
of PDGF-BB for 3–5 min or 5 mM of LPA for 15 min. Pull-downs were
generated with 30 mg of GST-RBD or GST-PBD (Cytoskeleton, Inc.)
and analyzed by WB for RhoA or Rac1. For wound assays, cells
were scratched with a plastic pipette tip. Ten micrograms/milliliters
mitomycin C (MMC) was added for 3 hr prior to wounding and was
present throughout.
Proliferation and Secondary Foci Formation Assays
For proliferation assays, cells were seeded at equal numbers, grown
for 24 hr, and then cultured inmediumwith or without FBS. At indicated
times, cells were trypsinized and counted. For focus formation, p120i
cells were cocultured with WT cells at a ratio of 1:100 (300 p120i-GFP:
30,000 WT) and seeded into 35 mm dishes. Cells were cultured for 10
days, changing media every 3 days, washed in PBS, fixed in 3% PFA,
and visualized for GFP expression. WT cells were also cultured alone,
or with p120i cells at ratios of 1:6 and 1:30, or with p120i cells infected
with LZRS-ms-GFP, LZRS-ms-GFP/C3, LZRS-ms-neo, or LZRS-ms-
neo/N-cadherin at a 1:30 ratio. After 10 days, cells were fixed, stained
with 0.5% crystal violet/70% EtOH, and cleared with PBS.
Supplemental Data
Supplemental Data include three figures and one movie and can be
found with this article online at http://www.cell.com/cgi/content/full/
127/5/1027/DC1/.
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